With the widespread extirpation of top predators over the past two centuries, mesocarnivores play an increasingly important role in structuring terrestrial trophic webs. However, mesocarnivores are difficult to survey at a population level because their widely spaced territories and nocturnal behavior result in low detection probability. Existing field survey techniques such as track plates and motion-sensitive camera traps are time-consuming and expensive, and yet still yield data prone to systematic errors. Unmanned Aerial Vehicles (UAVs) have recently emerged as a new tool for conducting population surveys on a wide variety of wildlife, eclipsing the efficiency and even accuracy of traditional methods. We used a UAV equipped with a thermal imaging camera to conduct nighttime mesocarnivore surveys in the prairie pothole region of southern Manitoba, Canada. This was part of a much larger ecological study evaluating how lethal removal of mesocarnivores affects duck nest success. Here, our objective was to describe methods and equipment that were successful in detecting mesocarnivores. We used a modified point-count survey from six waypoints that surveyed a spatial extent of 29.5 ha. We conducted a total of 200 flights over 53 survey nights during which we detected 32 mesocarnivores of eight different species. Given the large home ranges of mesocarnivores relative to the spatial and temporal scale of our spot sampling approach, results of these types of point-count surveys should be considered estimates of minimum abundance and not a population census. However, more frequent sampling and advanced statistics could be used to formally estimate population occupancy and abundance. UAV-mounted thermal imaging cameras appear to be an effective tool for conducting nocturnal population surveys on mesocarnivores at a moderate spatial scale.
Introduction
With the widespread extirpation of apex predators from most modern landscapes, mesocarnivores (carnivores with a body weight <15 kg) such as coyotes (Canis latrans) play an increasingly important role in mediating predator-prey interactions and structuring terrestrial food webs [1] [2] [3] . Mesocarnivores have been shown to play a larger role in influencing biological communities than their population size would indicate [4, 5] , most clearly observed when mesocarnivores are introduced onto islands, which can have severe detrimental impacts on native species [6] . On the other hand, mesocarnivores can provide beneficial ecosystem services in some contexts, such as carcass removal and crop pest control [7] . Given their relatively high trophic position in many ecosystems, it is important to be able to accurately estimate the population size and densities of these mesocarnivores, which has historically proven to be frustratingly difficult. they had difficulty identifying them to species. UAVs and thermal cameras have also been used to survey for large marine mammals such as grey seals (Halichoerus grypus) with nearly identical detection rates as field teams [35] . To our knowledge, no study has attempted to use UAVs and thermal imaging cameras to survey for smaller mammalian predators. Here, we evaluated the ability of a UAV equipped with a thermal imaging camera to locate small-to medium-sized nocturnal mesocarnivores in southern Manitoba, Canada. The methods described here are part of a much larger ecological study evaluating how lethal removal of mesocarnivores affects duck nest success. Lethal removal of nest predators has been shown to increase nest survival of upland-nesting ducks [36] but it is unclear whether managing mesocarnivores also benefits overwater-nesting diving ducks. Despite the fact that mesocarnivore removal is a common management practice for improving duck nest survival [37] , evaluating predator populations before and after removal has heretofore been logistically impractical, creating the impetus for our work with the UAV and thermal camera. Our objective in this paper is to describe equipment and methods that were successful in detecting mesocarnivores in prairie landscapes.
Methods

Study Area
Our study area consisted of four 12.9 km 2 study blocks located near the town of Minnedosa, Manitoba in the prairie pothole region of Canada (50.20 • N 99.77 • W); each block was separated by at least 1.6 km. Our study was conducted primarily on private land consisting of cereal grains, mainly canola (Brassica napus) and spring wheat (Triticum aestivum). The remaining areas were either actively grazed pasture land or native grasslands, described in detail by Kiel et al. [38] . Vegetation height and density varied greatly among survey sites and between survey rounds. On two of our study blocks (Elphinstone and Minnedosa), professional trappers were hired to lethally remove mesocarnivores, in conjunction with an ongoing (2015-present) experimental study examining how the removal of mesocarnivores affects the nesting success of diving ducks. The remaining two study blocks (Odanah and Raven Lake) were (untrapped) control blocks. Each block was further broken into 25 study plots. Flight restrictions put in place by Transport Canada limited our horizontal flight distance to 500 m and so combined with logistical constraints on land access and launch protocols, we limited our surveys to 30 ha per study plot.
Equipment
We used a battery-powered DJI Inspire 1 quadcopter UAV (3.1-kg weight, 570 mm wingspan), powered by a 22.2 V lithium ion battery, allowing us a flight time of~15 minutes. We used a portable battery charger and generator to charge up to 12 batteries in the field, thereby allowing us to operate continuously until we had completed our surveys. The UAV was equipped with a DJI Zenmuse XT2 R thermal imaging camera (640 × 512 resolution; 19 mm lens; 30 Hz) to detect thermal radiation given off by mesocarnivores. The amount of radiation emitted is dependent on both the temperature of the object and emissivity, which is a measure of the reflectivity of an object. The image generated by the thermal camera is therefore not a depiction of the absolute temperature or infrared radiation of an organism, but a combination of the targets' radiation, emissivity and environmental factors such as humidity and cloud cover, and (critically) the temperature of the background against which the animal is observed.
Sampling Protocol
Using ArcGIS 10.3 and the DJI Ground Station Pro v 2.1 iPad application we designed a point count survey which allowed us to cover the entire study area systematically, and to take advantage of easily-programmable flight routes and autopilot flight options. Although it should be possible to use trigonometry to titrate the camera field-of-view at different tilt angles and optimize sample point spacing, we encountered issues with both the rectangular image on the screen (x and y dimensions not equal) and some fisheye distortion near the edge. We concluded that empirical tests would be more reliable than math in this case, and so we conducted simple field trials using a warm (23 • C) plastic water bottle. We began with the UAV at a height of 75 m above ground level with the camera pointed straight down. We placed the bottle at the edge of the camera's field of view, and then tilted the camera toward the horizon until the bottle was on the opposite edge of the camera view. We repeated this procedure until the water bottle was no longer detectable with the thermal camera: a ground-line distance of 300 m. On a separate occasion, we evaluated detection probability using a medium-sized (15 kg) domestic dog (Canis lupus familiaris) as a convenient proxy for a wild mesocarnivore. The dog was placed at varying distances from the UAV pilot (up to 300 m). Without foreknowledge of the dog's location, the UAV pilot was able to locate it with 100% reliability from 75 m above the ground, allowing us to be reasonably confident that we could locate mesocarnivores from this height and ground-line distance. Preliminary testing was conducted in early evening under conditions of low humidity,~12 • C air temperature, low grass cover, but after the ground had experienced a full period of daytime heating.
Given our maximum detection range of 300 m, we chose 125 m as a highly conservative value at which detectability of mesocarnivores would approach 100% under the full range of field conditions where drone flight would be possible. Using 125 m as the radius, we designed a point count survey with points approximately 250 m apart. Using ArcGIS and DJI's Ground Station Pro app we determined that 6 points spaced 250 m apart would allow us to cover 29.5 ha of each survey plot ( Figure 1 ). We programmed the UAV to fly to each point, whereupon we stopped and rotated the drone 360 degrees three times, adjusting the camera angle on each rotation (as per our testing) to sweep out ever-larger observational arcs ( Figure 2 ). While flying at these heights we could readily detect the heat sources given off by mesocarnivores and much smaller animals. For example, during our first survey we were easily able to detect mice (Mus spp.) running through the vegetation from a height of 75 m, and so we were highly confident that our detection probability for mesocarnivores approached 100%, given they were present and aboveground during the survey. However, we could not always determine the species identity of every heat source at these heights and dropped to elevations of 15 m-40 m to confirm species identity. We would capture both videos and still photos of every mesocarnivore and these were reviewed later to facilitate identification to species. plastic water bottle. We began with the UAV at a height of 75 m above ground level with the camera pointed straight down. We placed the bottle at the edge of the camera's field of view, and then tilted the camera toward the horizon until the bottle was on the opposite edge of the camera view. We repeated this procedure until the water bottle was no longer detectable with the thermal camera: a ground-line distance of 300 m. On a separate occasion, we evaluated detection probability using a medium-sized (15 kg) domestic dog (Canis lupus familiaris) as a convenient proxy for a wild mesocarnivore. The dog was placed at varying distances from the UAV pilot (up to 300 m). Without foreknowledge of the dog's location, the UAV pilot was able to locate it with 100% reliability from 75 m above the ground, allowing us to be reasonably confident that we could locate mesocarnivores from this height and ground-line distance. Preliminary testing was conducted in early evening under conditions of low humidity, ~12 °C air temperature, low grass cover, but after the ground had experienced a full period of daytime heating. Given our maximum detection range of 300 m, we chose 125 m as a highly conservative value at which detectability of mesocarnivores would approach 100% under the full range of field conditions where drone flight would be possible. Using 125 m as the radius, we designed a point count survey with points approximately 250 m apart. Using ArcGIS and DJI's Ground Station Pro app we determined that 6 points spaced 250 m apart would allow us to cover 29.5 ha of each survey plot ( Figure 1 ). We programmed the UAV to fly to each point, whereupon we stopped and rotated the drone 360 degrees three times, adjusting the camera angle on each rotation (as per our testing) to sweep out ever-larger observational arcs ( Figure 2) . While flying at these heights we could readily detect the heat sources given off by mesocarnivores and much smaller animals. For example, during our first survey we were easily able to detect mice (Mus spp.) running through the vegetation from a height of 75 m, and so we were highly confident that our detection probability for mesocarnivores approached 100%, given they were present and aboveground during the survey. However, we could not always determine the species identity of every heat source at these heights and dropped to elevations of 15 m-40 m to confirm species identity. We would capture both videos and still photos of every mesocarnivore and these were reviewed later to facilitate identification to species. At each point count location, we conducted surveys with the unmanned aerial vehicle (UAV) in broadening observational arcs. We began by pointing the camera 90° straight down, and then tilting the camera towards the horizon twice, each time rotating the UAV 360°. We restricted our sampling to 125 m, but 300 m was our maximum detection distance of a heat source approximating a mesocarnivore.
We conducted two rounds of mesocarnivore surveys that corresponded with the predator removal experiment at our site: the first round spanned 25 April-3 June 2017 (before trapping), and the second spanned 16 July-28 July 2017 (after trapping). All surveys were conducted at least 30 min after sunset to maximize mesocarnivore detection [39] . Surveys were not conducted during inclement weather (precipitation, winds in excess of 32 km/h), and per our Transport Canada Special Flight Operations Certificate (SFOC) permits we were also not permitted to operate the UAV if the cloud cover was below 305 m. All work was conducted by a licensed UAV pilot operating under the SFOC permit 5812-17-132. . Data are presented as means ± standard error unless otherwise noted.
Results
We conducted a total of 200 surveys using our point count survey method. Each mesocarnivore survey lasted 19.8 ± 6.0 min, and we were able to conduct 10.0 ± 4.5 surveys each night. The first round of sampling (25 April-3 June) took longer than expected-40 survey nights-due to inclement weather (winds in excess of 32 km/h and rain) that made flying the UAV impossible. We detected a total of 17 individual mesocarnivores during the first round of sampling including red foxes (Vulpes vulpes), coyotes, and striped skunks: four of these we located on trapped sites, and 13 on control sites (Table 1) . We experienced fewer weather delays during the second round of sampling and completed surveying over the course of 13 nights (15 July-28 July). During the second round we located a total of 15 mesocarnivores: six on trapped blocks, and nine on control blocks (Table 1) . We were required to briefly drop to heights of 15 m to definitively identify mesocarnivores down to species (Figure 3a-d) . In addition to mesocarnivores, we also located several other species including white-tailed deer, moose (Alces alces), American porcupines (Erethizon dorsatum), and several species of the Leporidae family and the Rodentia order. At each point count location, we conducted surveys with the unmanned aerial vehicle (UAV) in broadening observational arcs. We began by pointing the camera 90 • straight down, and then tilting the camera towards the horizon twice, each time rotating the UAV 360 • . We restricted our sampling to 125 m, but 300 m was our maximum detection distance of a heat source approximating a mesocarnivore.
We conducted two rounds of mesocarnivore surveys that corresponded with the predator removal experiment at our site: the first round spanned 25 April-3 June 2017 (before trapping), and the second spanned 16 July-28 July 2017 (after trapping). All surveys were conducted at least 30 min after sunset to maximize mesocarnivore detection [39] . Surveys were not conducted during inclement weather (precipitation, winds in excess of 32 km/h), and per our Transport Canada Special Flight Operations Certificate (SFOC) permits we were also not permitted to operate the UAV if the cloud cover was below 305 m. All work was conducted by a licensed UAV pilot operating under the SFOC permit 5812-17-132. Data are presented as means ± standard error unless otherwise noted.
We conducted a total of 200 surveys using our point count survey method. Each mesocarnivore survey lasted 19.8 ± 6.0 min, and we were able to conduct 10.0 ± 4.5 surveys each night. The first round of sampling (25 April-3 June) took longer than expected-40 survey nights-due to inclement weather (winds in excess of 32 km/h and rain) that made flying the UAV impossible. We detected a total of 17 individual mesocarnivores during the first round of sampling including red foxes (Vulpes vulpes), coyotes, and striped skunks: four of these we located on trapped sites, and 13 on control sites (Table 1) . We experienced fewer weather delays during the second round of sampling and completed surveying over the course of 13 nights (15 July-28 July). During the second round we located a total of 15 mesocarnivores: six on trapped blocks, and nine on control blocks (Table 1) . We were required to briefly drop to heights of 15 m to definitively identify mesocarnivores down to species (Figure 3a-d) . In addition to mesocarnivores, we also located several other species including white-tailed deer, moose (Alces alces), American porcupines (Erethizon dorsatum), and several species of the Leporidae family and the Rodentia order. 0  0  1  Total  3  3  4  5  15 Drones 2019, 3, x FOR PEER REVIEW 6 of 9 Table 1 . Mesocarnivores detected at each study site across two sampling periods. (a) Round one was conducted from 23 April-3 June and total of 90 surveys were conducted. (b) Round two was conducted from 15-23 July and a total of 100 surveys were conducted.
(a) Note that though all images were taken from a height of 15 m, some were taken from different angle or the images were zoomed in to allow us to better identify them.
While surveying for mesocarnivores we also qualitatively noted any disturbance caused by the UAV. While flying at the point count survey height of 75 m, mesocarnivores did not measurably respond to the UAV. The only exception were several red foxes that were in full flight when located when we were flying to our first survey point. We suspect that these animals were actually fleeing from our noisy and well-lit arrival in a truck. Cattle adjacent to our study plots reacted negatively to a b c d Figure 3 . Images of a coyote (a), red fox (b), striped skunk (c), and American mink (d), standing in unplanted fields or in a cattail slough. Note that though all images were taken from a height of 15 m, some were taken from different angle or the images were zoomed in to allow us to better identify them.
While surveying for mesocarnivores we also qualitatively noted any disturbance caused by the UAV. While flying at the point count survey height of 75 m, mesocarnivores did not measurably respond to the UAV. The only exception were several red foxes that were in full flight when located when we were flying to our first survey point. We suspect that these animals were actually fleeing from our noisy and well-lit arrival in a truck. Cattle adjacent to our study plots reacted negatively to the UAV, and often fled to the other side of the field as soon as the UAV was airborne. Henceforth, we avoided flying over cattle. When we dropped to lower elevations to identify mesocarnivores, reactions ranged from no visible reaction to running away.
Discussion
Extensive surveying and testing under various conditions gave us confidence that we were able to reliably detect mesocarnivore-sized animals if they were present on our study sites, as we were often able to locate mice and small birds. It is generally assumed that there are several problems with aerial surveys including double-counting, perception error, and misidentification [40] . Because mesocarnivores are territorial and home ranges are large on the prairies, we only counted >1 mesocarnivore per survey on four occasions: twice we observed different species and twice we captured both animals in view simultaneously, and so we are confident that we did not double-count animals within a survey. However, we acknowledge the possibility of double-counting animals across the two survey periods; without individually marking animals this issue is difficult to overcome. Because we dropped the UAV to elevations lower than 75 m with the express purpose of identifying mesocarnivores to species, species identity was resolvable for all animals. The only perception error that seems plausible is unusually low detectability of raccoons. We only located one raccoon over the course of 200 surveys, even though we know (from trapping data and camera traps placed at duck nests) that raccoons were common throughout the landscape. This could be attributed to several factors, including the fact that raccoons tend to prefer wetland habitats, and so may be less visible due to wet fur and heavy vegetative cover. Additionally, water has a very high emissivity, which has the potential to interfere with detection of animals with the thermal imaging camera.
UAV surveys were relatively efficient at detecting mesocarnivores: during~66 hours of flight time, we detected 32 mesocarnivores (latency of~2 hours between detections). For perspective, mesocarnivore camera trapping studies conducted over many trap-nights often have latencies 30 hours [41] . Our data represent a sample of the mesocarnivore community at each site. Given the large home ranges of many of these mesocarnivores and variable nocturnal activity schedules, our counts of mesocarnivores represent a minimum abundance. More to the point, while we are confident we detected mesocarnivores (except possibly raccoons) if they were present and aboveground during our survey, given the brevity of our survey (20 min) and the large home ranges of mesocarnivores, it is likely that we did not detect all animals that do in fact use the sites we sampled. To estimate populations, we suggest future researcher consider frequent repeat surveys. Even though animals are not individually marked, with new hierarchical N-mixture models it may be possible to use this sampling strategy to estimate mesocarnivore occupancy and abundance [42] .
Our results suggest that UAVs equipped with thermal imaging cameras are a viable tool for monitoring mesocarnivores at scales up to 30 ha. Because we often needed to hover above animals and drop elevation to identify them to species, we recommend rotor-based UAV platforms (as opposed to fixed-wing) for these type of mammal surveys. The primary constraint that limits expansion to larger survey areas is permitting restrictions, which vary across federal and local governments. Flight time is limited by batteries, but in the one year since this study was conducted, operational flight time for similar quadcopter UAVs has increased to~25 minutes per battery. The area sampled by the methods described here is small compared to the home ranges of most mesocarnivores, but detection probability would increase with repeated surveys flown at different times of night. Unmanned Aerial Vehicles are an increasingly common tool for remotely monitoring wildlife populations, and our results demonstrate the utility of combining aerial surveys with thermal imaging cameras to survey animal species that are otherwise difficult to observe. 
